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1.0 SUMMARY

Results of the study ere shown in "Summary Report High Altitudse
end High Speed Study', Report No. ES 17657.
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3.0 INTRODUCTION

The purpose of the high altitude study vhich is summarized in this
report is to establish the feasibility of extending human flight
boundaries to extreme altitudes, and to investigate the problems
connected with the design of an airplame for such flights.

This project is partially a result of man's eternal desire to go
higher, faster, or farther than he did last year. Of far more
importance, however, is the experience gained in the Gesign of
aircoraft for high-speed, high-altitude flight, the collection of
besic informatica on the upper atmosphers, and the evaluation of
human tolsrance and adaptation to the conditions of flight at
extreme altitudes and epeeds.

The design of an airplans for such & purpose cannot be dbased on
standard procedures, nor necegsarily even ci extrapolation of
present research airplans designs. Most of the major problems

are entirely nav, such as earrying & pilot into regions of the
atmosphere where the physiological dangers are conpletely unknown,
and providing hix with a safe return to earth. The type of flight
resembles those of hypersonic, long-range, guided missiles surrently
under study, with all of their complieations plus the additiomsl
problenms of carrying & men and landing in a proper manner.

Very little other vork is available vhich deals wholly with the
subject of the present study. Some theoretical studies on satellite
vehicle. are appliecadbls in part; some of tha work on long-range
missiles is useful, although the basio concepts are often ocon-
sideradly different; and much of the sero-medigel research being
conducted for application to future fighter designs oan be adapted
to provide insight on certain phases of the present dasign.

The study which is summarized in the following sections consists

of a first approagh to the design of a high-altitude airplane. It
attempts to outline most of the major problems and to indicate some
tentative solutions. As vwith any preliminary investigation into

an unknown regime, it is doubtful that adequate solutions have been
presented to every problem of high-altitude flight, or evern that
all of the problems have been considered. It would certainly
appear, however, that the major difficulties are not insurmountable.

CONFIDLNTIAL
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4.0 CONFIGURATION

A three-view drawing of a proposed configuration for the high
altitude study is shown in Figure 1 . It is by no means implied
that this represents a detailed design, but the configuration
showi should be considered as a first approsach to the problem.
It is probable that detailed investigations of the performance,
stability, serodynamic heating, and gensral flight character-
istics will produce appreciasble changes in detailed design com-
ponents, and perhaps even in the basic arrangement.

A conventional canfiguration was deliberately chosen for study,
and no benefits have yet been discovered for any unconventional
arrangemsent. Actually, for the prime cbjective of attaining very
high altitudes, the general shape of the airplane is relmcively
unimportant. B8tability and control must be provided, and it musat
be possidble to create sufficient 1lift for the pullout and for
landing; but, in econtrast to the usual airplane design, the re-
duction of drag is not a aritical problem and high dreg is to
some extent bensficial.

The planform of the wing is unimportant from an asrodynamic stand-
point at the higher supersoni{c Mach mmbers. Therefore it was
possible to selsat the planform on the basis of weight and
strugture and landing conditions. These considerations led to the
choice of an essentielly unswept wving of moderate taper and aspect
ratio. A more detsiled study of other applications for the air-
plans, vhich might involve sustained flight at low supersonic
speeds, would probably indicate the desirability of inecreasing the
sweepback of the wing.

The fuselage is arranged around the propellant tanks, which are
proposed as integreal parts of the structure.

The tail surfaces are of proper size for stabllity at the lower
supersonic Magh numbers, but there is some question of thesir

adequacy at very high supersonic speeds. Further experimental
data in this speed range are necessary before modifications are
sttempted. In addition, it may bes possible to accept a certain
amount of instability with the proper automatic servo controls.

Generally, for performing & given mission m two-stage vehicle is
more efficient than a single-stags. The present configuration
might be considered a two-stega aircraft because the manned air-
craft is carried to 40,000 feet by & mother ship before being
releaged to proceed under its own power. The performance is in-
creaped, but the prime reason for the high eltitude launsh is
the added sarety which 40,000 feet of altitude gives tha pilot
when he takes over under his own rocket power

ONFTND NTYAL
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In considering a two-stage rocket airoraft wvhich fulfills the
requirements of this problem, several factors are of interest.

In keesping vwith the bdasic philosophy of the project, i.e.,
repeatable, high altitude, manned flights, both the booster

and fimal stages should be mannsd and recoverable. Such s
design would have duplicate pilot and control needs, whieh,

with the added complexity, would result in less efficiency and
no doubt added cost. In other gections it is noted that the
present configuration resches the maximum altitudes from which
safe re-entry and return to the earth can be sccomplished, and
that any gain in performance is unusable unless the satellite regime
is attained. If the airgraft were degigned with twvo-stages amd
still fulfilled the requirements of the study, the gain in per-
formance would not be sufficient to schieve satellite status. It
is therefore concluded that, with regards to power staging, the
one-stage aircraft carried to altitude by a mother ship optimizes
pilot sdfety, performance and oversll simplicity.
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TABLE 1
MODEL 671

DIMERSIORAL DATA

Wing
Span 5. 18
Ares 8q.ft. 81
Aspect Ratio .0
Taper Ratio S
Maan Aerodynamic Chord a1 4.7
Root Chord £3. 6.0
Tip Choerd 3y 5 3.0
Airfoil Bection NACA 65A006
Allerons
Span (one side) ft. 3.3
Ares Aft g 8q.ft. 2.3
Flaps
Span (one side) ft. 3.3
hres Aft § 8q.ft. 3.8
Horizontal Tail
Span £%. 9.8
Ares sq.ft. a4.3
Aspect Ratio 4.0
Adrfoil Section NACA 65A006
Elevator
Span (cne aide) . 4.9
Arca ATt § 8 I 3.2
Vertical Tail
Span fit . 6.2
Area 8q.fTt. 32.4
Aspect Ratio 1.2
Airfoil Bection NACA 65200€
Rudder
Span . 5.2
Area Aft § ng.ft. 8.7
Puselage
Length £t. 41.3
Maximm Diameter fr. 4.7
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5.0 PERFORMANCE ANALYSIS

5.1 Caloulation of Lift and Dreg

The 1ift and drag for this preliminary study have been calculated
by the use of standard methods of subsonic and supersonic analysis.

The 1ift curve slope of the wing was obtained from the results of
DeYoung (Reference 1 ) corrected by & small empirical interference
! factor. The 1lift of the fuselage was based on the semi-empirical
equations of Allen (Reference 2 ). The subsonic pressure and
induced drag coefficients of 2ll components of the airplane were
calculated by standard sami-empirical methods.

The 1ift curve slope of the wing at supersonic speeds has been
calculated by threec-dimensional linearized theory. A correction
bhas been made for the interference effect of the fuselage according
to the method of Nielsen and Keaattari (Reference 3 ). The lift of
ths body iisalf was again obtained from the results of Allen
(Reference 2 ).

( There is no method available for the calculation of the supersonis,
zero-1ift, pressure dreg of & finite wing with & laminsr flov air-
foil saction. For the purposes of the present drag estimate, the
following easumptions were made:

(a) Three-dimensional planform effects &re negligible
for M > 2.0.

(b) The two-dimensional section drag coefficient of a
laminar flow airfoil can be approximated by that of a
circular-arc section plus & proportionate part of the
foredrag of a circular cylinder.

The three-dimensional effects on a wing are contained within the
Mach cones from the root and tip. As the Mach number increases,
the wing area affected by these cones decreases and the relative
importance of the three-dimensionsal effects diminishss correspond-
ingly. Three-dimensional theoretiocs) results are available for
wings with symmetrical double wedge sections, and these are com-
pared in Figure 2 with calculations made by a simple "strip
theory", ignoring the three-dimensional regions of the wing plan-
form. It is apparent that the three-dimensional effects are
negligible for Mach numbers greater than about 2, &t least with-
} in the accurscy of the linear theory. It is assumed that the
same oconclusions apply to the use of the 65A006 airfoil saction.




CONFIDENTIAL Page 12
ES 17673

DOUGLAS AIRCRAFT COMPANY, INC FLUSEGUNDO DIVISION £ SEGUNDO. CALIFORNIA

No theoretical methods have been devised for the calculation of
the theoretical supersonic section drag coefficient of & blunt-
nose airfoil. The pressure distridution can be approximated,
however, by employing that for a circular cylinder over the nose
until local sonic velocity is reached, and thereafter using &
Prandtl-Meyer expansion. For the present amalysis, it has been
assumed that the dreg of the 65A006 airfoil can be approximmted
by that of a 6%-thick symmetrical circular arc airfoil, with the
blunt nose accounted for by applying the average of stegnation
pressure and pressure at sonic velocity to 25% of the airfoil
frontal area. This type of nose pressure distribution corresponds
roughly to that at the front of & circular cylinder, and the 25%
factor is obtained by comparison with test dsta (Referense 4 ).

It has then been sssumed arbitrarily that this method is applicable
throughout the supersonic Mach number range. The resultant zero-
1if't pressure drag soefficient for the wing is shown in Figure 3 .

The attitude drag of the wing was calculated from the standard
formila ACp,/d? = 1/C

The pressure 4drag of the fuselage was obtained from generalized
curves based on the hypersonic similarity laws: the nose pressure
drag from & correlation of characteristics solutions (Reference 5 ),
and the boattail pressure drag from corralations of second-order
solutions (Reference 6 ). Because of the relatively long cylindri-
val center seation, interference between nose and boattail was
n2glected. The fugelage base dreg wvas estinated from empiriocal
correlation curves at the lower supersonic Mach numbers, and faired
smoothly into values corresponding to a vacuum at the higher Maeh
numbers. The fuselage nose, boattail and base drag coefficients
are plotted versus Masch number in Pigure & .

The fuselage attitude drag was computed by Allen's formula (Refer-
ence 2 ), just as for subsonic speeds.

The vertical and horiszontal tail were treated in the same gsneral
vay 88 was the wing, except thet attitude drag was neglected. No
ellowance wvas made for drag due to trimming.

The drag coefficient of the dive brakes was based on an assumed

normal flat plate drag coefficient of CD90 = 1.8. It wvas
assumed that the brake dreg coefficient was given by
Spr

. s
XDy 5w Do 8in Syp
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For a brake area of 15 £t2 and a maximm deflection angle of 60°,
this gives & brake drag coefficient of ACDbr = 0.30.

5.2

The skin friction dreg for the entire airplane was calsulated
using the usual flat plate formulas for laminar and turbulent flow.
Forced transition wves estimated to take place at the 209 station
on the fuselage, and at the 50% stetion on the wing and tail sur-
faces. Natural transition gn assuned to ococur at a transition
Reynclds number of 2.8 x 10°. The actual point of tranmsition

from laminar to turbulent flow was chosen at the more forwerd of
these two looatiocas.

Compressibility effects in laminar flow were saecounted for by
using & faoctor corresponding to the results of Croeco (Refsrence
7 ) and Van Driest (Reference 8 ). The corresponding correction
for turbulent flow is difficult to determime. At the present
time a number of different theories exist for the compressible
turbulent boundsry layer, all of which eappear equally valid, but
wvhich lead to widely divergent results vhen extended to the higher
Mach numbers (see for instance, Reference 9 ). The importance of
the propsr choice of & compressibility correction is emphasized
by the fact that, for Mach cumbers from 3 to 10, the uncorrected
gkin friction represents from 40 to 50% of the total zero-lift
drag. For the present analysis, the theory of Van Driest (Refer-
ence 10) was chosen, which indicates relatively large decrecases
in turbulent skin frioction with increasing Mach number, and
therefore may be somevhat optimistiec.

The airplape 1lift curves are plotted versus Mech number in carpet
form in Pigure 5 . The transonic parts of the carpet have been
faired appropriately. The total airplane drag coefficient is
shown as & function of Maech number and 1lift coefficient in
Flgure 6 for a Reynolds aumber corresponding to & nominal
altitude of 40,000 ft. Agein, the transonic region has been
faired.

Performence Methods in the Atmosphere

Because of the very transient nature of the entire flight, 1t is
necessary to use & step-by-step method of solution of the equations
of motion. The two equations which are necessary are

V_".g'}.'.—.Tcosa-D-WsinY
g dt
L ar | T sina+ L - W cos¥

av dt
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5.3

If the derivatives are replaced by finite increments, then the
right sides of the equations can be considered constant for a
small enough time increment, At, and the changes in velocity and
flight path angle, AV and AY, calculated. The change in altitude
is given by

Thus, a complete history of the flight path within the atmosphere
mAy be calculated. This method wvas used for the power-on ascent
and for the pullout.

Parformance Msthods in Space

The flight path in space could be calculated with sufficisnt
accuracy from the equations presented above, but because of the
large time spent in flight cutside the atmosphers, it is much
simpler to integrate the equations to obtein the usual ballistic
space trajectory equations. This gives the relations:

v = VZ - (2g Vg sin ¥ )t + got?

Veos¥ = V,cos Y,

1 2
h = hg + (V, 8in b’o)t--e-gt

from which the velocity, flight path angle, and sltitude can be
calculated at any time for the given initial conditions, V,, ¥,,
hy. In general, it has been assumed that the ballistic trajectory
equations were applicable for h>300,000 ft.

From these equations, the peak altitude is given as
v2 s1n® ¥/
hp = hy + Vg sin = 2g

with Vp = Vo cos ¥

ty = g + Vg sin Yo/8
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5.4

The time to return agein to h, 1s, obviously,
thg = to + 2V, sin ‘z{o/g

Discussion of Performance Paramsters

Some discussion is desirable of the parameters affecting the
performance of this airplane, because many of the problems are
entirely different from those of the more conventiomal airplans
or missile.

The function of drag in the overall performance must be recon-
gidered. The effect of drag i8 practically negligible in the
pover-cn sscending phase of flight (for a high altitude air
launch), because of the very large thrust to weight ratio.
Throughout the vacuum trajectory the serodynamic shape of the
airplane i{s completely unimportant. During the descending phase
of the flight, a large drag is very beneficial in aiding in the
pullout, and the highest possible dreg is desired within the limits
of the pilot and the structure. In fact, during the pullout it has
been assumed that drag bdrakess would be asxtended in order to de-
celersts as soon as possidble. However, because of excessive de-
celerative forces aeting upon the pilot, it is necessary to gradu-
ally retract the brakes as denser air is entered, until they are
fully retracted in the later stages of the pullout.

For & given propulsion unit (i.e., fixed thrust and fuel consunption),

the overall performance of the present design is much mor. dependent
upon the ratio of fuel weight to gross weight than it is upon the
nipimum drag or the optimum lift-drag ratio. Even though the fuel
1s expended in apprcximately the first 75 seconds of flight ( &
relatively small fraction of the total flight time), the ultimate
perfcrmance &s measured by the maximum altitude is affected to a
great extent by small changes in the fuel to gross weight ratio.

As an exampls, an inorease in fuel weight/gross weight from 0.65

to 0.70 results in an increase in peak altitude of about 35% for

a typioal vertical flight trajectory, other parameters remaining
constant. In addition, the pullout conditions are noticeably
altered by the same relative changes, and, as will be discussed
later, the pullout presents the limiting factors vhich determine
the optimum performance. Therefore it is all important, in the
present design, that the structural and equipment weight be kept

t0 an absolute minimm in order to achieve satisfactory performance.

Zarly in the prosram the relative merita of & ground take-off versus
an air launch were studied. Although 1t wes considered desirable

S L Y TR
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from an operatiomal standpoint to use au unassisted ground take-
off, it was Dmmediately apparent that the performance penalty was
too large to mmke this feasidle. An inorease in launch altitude
from see level to 40,000 feet resulted in a 200,000 foot {nerement
in maximm altitude for a typieal flight path. The additiomal
benefits of higher altitude launch disappear rapidly above k0,000
feet, since most of the improvemsnt is Que to the decressing air
density, although the non-zero launch speed is & contributing
fastor.

Flight Path Calculations

Using the methods discussed above, a series of flight paths has
been computed for ths airplans sonfigu,etion descrided in Seetion
4.0, sxcept that the full and empty gross veights used in the
performmnce amalysis were 20,550 lbs. and 5550 lbs., respectively.
The effect of the weight change will be discussed later. The basic
plan of the flight path is given in detail in the following steps.

1. Air launeh the airplane at an sltitude of 40,000 feet
and a trus air speed of 495 knots (M = 0.75). These
are considered to be prectical conditions for & suitadble
earrier airplane.

2. Apply full thrust immediately after launch. The engine
parameters used in all of the ammlyses are:

. Thl'u.Bt T = 50,000 lbsc
b. BSpeeific impulse I = 250 seo.
c. Fuel flowv (T/I) = 200 1b./sec.

3. Pull-up st maximm lift coefficient until a given flight
peath angle is reached. The maximum 14ft coefficient was
programmed with Cr . = 0.k from M = 0.75 to M = 1.0,

and Clm = 1.0 supersonically.

L. ¥y & power-on, zero-lift trsjectory until the fuel is
axhausted. This occours &t 75 seconds.

5. TFollow a vacuum ballistic trajectory until the atmosphere
{8 re-entered in the descent (roughly 300,000 ft.).

6. Pullout to level flight. This 1s accomplished by the
following operations.

&. The 1lift 1s inoreased to & maximum, sublect to the
following limitations: (i) & maximum 1ift coefficient

MALTER T TR PA ¥
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5.6

S

of 1.0; (i1) a maximm angle of attack of 30°;
(4111i) a oaxizum normal acceleration of 6g.

©. The dive brakes are opeped fully until a ldngi-
tudinal deceleretion of 4g is attained. The
brakes are then gradually retracted sc as to
maintein this deoeleration, until they are fully
retracted.

This flight plan has been followed for four different flight pathus,
vhich have been identified arbitrarily by the « ximate flight
path angle at burnout as the 29°, 38°, 52° and 84° flights. Time
histories of the altitude, velocity, resultant acceleration, and
flight path are plotted in Figures 7, 8, 9, and 10. Some of the
importent information is summarized in Table II. '

The complete flight path ealoulations discussecd above have been
mede for a take-off weight of 20,550 lbs., with 15,000 lbs. of
propellant. The final weight estimate for the airplane bas in-
oreased the take-off weight to 22,200 1bs., with the same uvro-
pellant weight. The basic 38° flight path has been recalsulated
for the new weight, also. includmg the predicted variation of
thrust with altitude (see Pigure 26). The increase in thrust
more than compensates for the incresse in weight, and the altered
parformance is slightly better than that shown here.

Fo attempt has been made in the present study to dstermine an
absclute optimum flight path, because of the large number of wvari-
ables involved. Certain procedures htve been used which generally
are optimizing, sush as flying & boost-glide path (vhich burns all
of the fuel in the shortest posszible tims) to provide the most
efficient use of ensrgy, and climbing at as near a vertical flight
angle as possible in order to convert all of the energy into
altitude. Unfortunately, the restricting conditioms of the pull-
out affect the optimm values to a great extent, so that it is

not certain that these procedures are really optimm for the
present configurstion. It seems prodbable that a systematic
investigation of flight path psrameters would permit an inarease
in performance, but indications are that the improvements would

be slight.

The Re-entry Problem

The problems connected with re-entry into the atmosphere require
very careful and detailed consideration, since above all others,
they represent the factors which determire and limit the overall
performance. In particular, the following items are critical.

CONFTTRENTTIAL
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1. Altitude of pullout
2. Acceleretion and deceleration
3. Strustural and envirommental temperatures
4. Time durstion

Ths effects of the first two problems have been investigated dy a
short gensrelized study. Jollowing the pullout pattern described
in Bection 5.5, a series of pullouts wvas calculated for arbitrarily

By cross-plotting the pllout altitudes and ressultsnt accelsrations
it vas possidbl e to estadlish curves of the flight eonditions at
300,000 feet vhich are necessary to attain a given pullout altitude
or a given net acceleration. 8everal such gurves ars shown in
Figure 1l. Superimposed on the same figure is & curve showing
the conditions at 300,000 feet corresponding to & maximm altitude
of 700,000 feet. It is apparent immediately that the choice of
flight peth is quite limited if it is desired to attain a maximm
altitude greater than 700,000 feet and a pullout altitude higher
than 30,000 feet. A curve representing the capabilities of the
present airplane-engine-fuel combination is also indicated on the
figure; the maximum peak altitude attaimable with this airplane
consistent with the 30,000 foot pullout limit 1is 770,000 feet.

The normal acceleration (lifting foree) in the pullout has been
arbitrarily limited to 6g, and the dive brakes have been retracted
s0 as to meintain & drag forece corresponding to a g deceleration,
so that the majoarity of the pullouts have & net agcelsration of

no more than the resultant of t-ese (7.2g). However, for the

more critiecal flight conditions the drag of the airplane with fully-
retracted brakes exceeds & ig load, and the resultant acceleratio.
inereases. The maximum resultant accelerstions are indicated

approximately on the figure.

It is interesting to note that the problems of pullout altitude
and limiting accelerations, vhich are intimately related, are
traceabls directly to the single limiting factor of the presence
of & human pilot. Ineresses in the peak altituds are cttainadle
only by increasing the speed and/or flight peth angle at 300,000
feet. But it would still be possible to pullout at a safe altitude
by simply inoreasing the lift, inereasing the dreg, or both.
Therefore the peak altitude vhich is attainable is fundamentally
limited by the probable maximum resultant acceleration vhich the
pilot can withstand in the pullout. Under these conditions the
peak performance is practically independent of the serodynamio
configuration.

e -
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The aerodynamic heating effects which cause the high boundary
layer and skin temperatures are also dependsnt upon the production
of dreg, dut with one important Qifference. Wharees deceleration
is caused by the total of all drag forces acting on the airplans,
serodynanic heating is related only to the skin friction dreg.
Therefore, it will be beneficial to dissipsts ss much energy as
possidle in the form of pressure and wvake drag, for « given
dsoeleration. Im othaer words, for a given decresse in veloeity,
the serodynamic heating will de kept at & m~imm by producing

as much drag &s possibls by dreg brakes, [ _yuh angle of attack, or
& dblunt eonfiguration, disregarding locel effects such as stegnation
points, ete.

The fourth oritical ftem is the length of time of the pullout.
Since the entire operstion, from the tima of entry into the
atmosphere until level flight is attained, is accorplished in
less than two mimutes, the timing of ench phase of the manduver
must be extremsly aceurste. Considering the high saccelarstions
and high tesperstures to which the pilot will be subjected during
this pericd, as well as the possible consequences of daviations
from the proper procedure, it seems probable that seme type of
sutomatic control may be necessary or that the time for pullout
must be increased in some manner. On the other hand, the time
spent in the pullout is marginal with respect to subjecting the
pilot o high accelerations for long periods; from this stend-
point, {t would be desiradle o decretse the length of time of
the pullout.

One possidble overall sclution to the critical problems of the
pullout lies in the use of braking thrust during descent. If a
certain amount of the total fuel is not burned during the initial
boost period, this can be used to provide & braking thrust during
the descent, either by a mechanical reverse thrust device or by a
tail fi.st descent. For & given ballistic flight path angle, the
poak altituds will be reduced because of the incomplete burning
during boost, but with sufficient hraking thrust the flight path
angle can be inocreased. It seems certain that definite optimm
values exist for the percentage of fuel and flight path angle to
give s maximm peak altitude for given pullout conditions; bovever,
0o attexpt has been made at this time to establish these optimums.
In oxder to indiecate the trend, one flight path has been calculated
in vhich the ballistie flight path angle has been increared to
sapproximately 90° and ro 10$ of the fual has been saved for
use in dbraking (Figure 12). It will be noticed that a pesk
altitude is reached vhich is comparadle to the best of the
standard flights, while the pullout is satisfactory with regard
to altitude. The load factor remmins within the prescribed
limits, apd the boundary layer temperature is reduced to below
2000° ¥. According to Figure 11, the maximum permissible falling

NATDVRTIRITTTA ¥
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velosity for safe recovery from & vertical dive is 3500 ft/sec

at 300,000 ft. aititude. Caloulations have besn made of the
vertioal heights attainable as & function of the percent of
propellant carried. The results ares plotted in Figure 13. At

& value of = .573 the naturs) falling velocity at 300,000

ft. is 3500 ft/sec. Below this value the zatural falling velocity
at 300,000 ft. would be less than 3500 fps. Above this value of
Vv the natural falling velooity would exceed 3500 ft/sec. and some
propellant must be sssigned to the braking speration. The chart
shows the fsaction of the total that must be assigned for braking,
and indicates the loss in altituds necessitated by the byraking
operation to sssure & safe descent.

While this method of improving the flight oonditions appears to dbe
promising, it involves a number of serious additional prodvlems.
There may be control difficulties in a tail-first descent, and
additional control prodlems in returning to & normal flight
attitude after the finmal burnout. The relighting is extremely
oritical with either msthod of braking with thrust, since failure
t0o restart or even a delay in restarting would endanger the pull-
out. 4

The very high decelerations that ocour during the descent without
reverse thrust are & basic phenomenon that cannot be avoided unless
& near-satellite path {s approached. The basic difficulty can be
drought out in & qualitative manner quite simply by considsration
of & vertical flight. During powered ascent, accelsration can con-
tinue even after the rocket is above the atmosphsre. But, beecause
the atmosphere is used as the means for decelerstion, deceleration
can ocour only within the atmospbere. PFor simplicity comsider

A motion having constant acceleration. If burnout ococurs at a
height of 4 atmospheric thicknesses, vhere the atposphere is
arbitrarily re 4 as 100,000 ft. thick, then V€ = 2 ah =

2a(k x 100,000). But this ssme velocity must be dissipated
during 100,000 ft. of descent, so the deceleration must be four
times as great as the acceleration. OGCrester performance will
only magnify the deceleration probiem because all deceleraticns
must occur in & fixed distance. The only other golution occurs

1f performance becomes 80 great that the aircraft enters the
atmosphere tangentislly. Then the aircraft can use & very long
distance in which to decelerats. It follows that there appears to
be a "forbidden region” of flight from vhéch‘ufe descent becomes
impossible. TWigure 14 is a plot of h = ;’5 included to indiocste

the order of mmgnitude of distances required to accelerate to vari-
ous velocities at various rates of scceleration. It shows clearly
that very high speeds can be attained only by using long distances
for acceleration, or else by using very high acceleration rates.
The chart of course is equally applicable for decelerations.

e e e P U ——
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5.7 Landing

Ag in the case of other research projeots such as the Model D-558,
e relatively high landing speed is sccepted in order to improve
the high speed and altitude performance for whieh thias project is
intended. The stalling speed at landing weight is 154 knots,
which results in an approach speed of approximmtely 185 knots.
This value could be decreased by utilizing high-1ift leading-

edge devices or by inereasing the wing area. Howver, the
increased weight and/or the resulting complications in the lesding-
edge cooliny system appear to make these changes undesirable -
particularly since other resesrch aircraft have demonstrated that
satisfactory operation can be obtained with landing spedds of this
magnitude.
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TABLE II
FLIGHT TRAJECTCRY SUMMARY
2° 38 52° 8’
Peak Altitude (ft) 555,000 710,000 953,000 i,126,ooo
Velocity at Peak (ft/sec) 7,650 6,830 5,200 830
Velocity at Burnout (ft/sec) 9,030 8,870 8,550 7,690
Angle at Burnout (deg) 32.3 39.7 52.6 8k.1
Pullout Altitude (f£t) 61,800 39,100 17,100 -—-
Velocity at Pullout (ft/sec) 5,610 3,800 2,000 -——-
7.4 10.2 14.8 18.9

Maximim Resultant i%f
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6.1

6.1.1

6.1.2

6.0 STABILITY AND CONTROL

Flight Within the Atmosphere

The portion of the flight within the atmosphere can be droken down
into the following regimes for the purpose of stability and control
discussion:

1. Launching
2. Recovery to level flight
3. Landing

Since requirements for sstisfactory launching and landing are known
or can be adequately predicted on the basis of paat experience, it
is considered necessary to discuss these phases only very briefly
at ths present time.

Launching Stability

The aircraft will be air-launched at maximm practical altitude and
airspeed and will accelerate rapidly to supersonic speeds. On the
basis of experience with air launching of the D-558-2, 1t is not
expected that any particular stability problems will be encountered
during this phase of the operstion. Maximm normal acceleration
vill be required shortly after the &rop in order to establish the
dssired flight trajectory angle. Adequate stability during the
short period of subsonic flight immedistely after launching will
be assured by the large stabilizing tail surfaces vhich are re-
quired for high supersonic speeds, as discussed belov.

Launching Control

As seen from the performance curves, typioal flights cover about
500 miles, most of which is traveled in a space trajesctery vhere

1% is impossible to change the direction of flight without large
rocket devices. 8ince the airplane must land without power at

s specific landing site, it is obvious that it must be aimed tovard
the landing dbase at launch. The need for coatrol during powvered
flight is apparent for the following reasons:

1. The mother ship cannot aim the airoraft with sufficient
agCuUrecy.

2. Rocket thrust will not be sufficiently reproducible
from flight to flight, eithsr in magnituds or in
alignment of thrust.
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3. Changing winds and ambient conditions will introduce
aiming errors.

4. Delsys in starting the rocket motor.

The thrust is 50,000 1bs. or more. If the Jet thrust were mis-
sligned only 35 minutes a side foree of 500 lbs. would be exerted.
Thus the side force that may nsed to be counteracted could de
rether large.

Several methbods of changing the flight path during the powered
periocd are:

1. By elevators and rudder

2. By the suxiliary coasting contxol Jets

3. By coantrcllable vanes immersed in the jJjet

4. By controlled separation in the rocket nozgle
5. By a gimbal-mounted rocket motor.

Elevators and Rudder

The Aynamic pressure is of rather large magnitude during most of .
the powered flight, resching a peak value of 870 lbs/sq.ft., dut
falling to about 25 lbs./sq.ft. at burncut. The mean dynamic
pressure during this period is adout 300 lbs./sq.ft. In the light
of these figures it appears that adequate control can be provided

. by the elevators and rudder. Such a conclusion is consistent with
ths following Dmets.

a. Elevators are used to pull the aircraft up from level
flight into its trajectory. They are adequate.

b. If early short flights indicate &n appreciable thrust
misalignment, the rocket motor can de rerigged on the
ground, thereby minimizing the need for corrective
type of control.

c. The most precise control vwill be needed only on the
all-out flights, flights which will not ocecur until
thes system is properly chacked out and seasoned.

d. Unlike a V-2, the aireraft is launched at a high
forvard speed, making the elevators and rudder more
effective from the beginning.

Thus, even though the elevator control is too weak to overcome
any bad misalignment, it need not be designed for such a severe

P TR S ——— e o ~ - - - e e s - e

CONFIDENTIAL

T




FORM 30-280

(1-51)

0 uivm

CONFIDENTIAL Pagze 39
28 17673

DOUGLAS AIRCRAFT COMPANY, INC  EL SEGURNDO DIVISION  EL SEGUNDQO, CALIFCRNIA

requirement because exploratory flights would have uncovered all
design misaligmments. Random deviations in thrust axis direction
are smll, being only about 2 minutes.

Auxiliary Cossting Control Jets

These Jets are smmll, as vwill be described in Section 6.2,

being designed only to produce slow changes in attitude outside the
atmogphere. They produce & maximm side force of about 100 lbs.

As this value is less than that provided by the rudder at burnout,
and because they consume fuel vhen operated, they camnot be con-
sidered guitable.

Controllable Vanes in tha Jet

The V-2 used this system. It provides powerful forces, btut the
heat and velocity are zo greeat that to the dest of our knovledge

& reliable unit has never been made. Since it is unreliadle,

i since it requires additional ccusrols and weight, and since the con-
ventional tall is shewn to bz adequate for air launching, such a
method of controliz vejacted.

Controlled Separation in the Rocket Nozzle

Because vanes cannoct bs made to staud the rigors of the cperation,
some efforts have been made to provide control by using gas blasts
through the gide of the rockst noszle to force a local separation
within thes nozzle and a consequent change of thrust direction.
This method has rdceived some study, notably by United Aireraft
(Reference 11 ). The msthod has the great advantage of eliminating
all obatructions within the jet. Howsver, 1t requires holes
through the walls of the nozzle, and possidbly may introduce new
cooling problems. The principle is new. It requires a control
system to modulate the gas blasts, as well as an extra supply tank.
Consequently at the present state of developmsnt the convantional
elevator and rudder control appear superior.

Gimbal-Mounted Rocket Motor

Currently, the most satisfactory method of controlling the thrust
direction 18 to mount the sntire motor on gimbals and move it with
respect to the airplane. There is some increase in weight, of
course, but the system is reliabls and subject to mccurste design.
The R.M.I. Model XIR30-RM-2 which 1a contemplated for this project,
is designed for such & mounting. But because elevator sund rudder
control appears adequate, gimbal mounting appears unnecessary.

If later work shows the need for more powerful control, then the
gimbal mounted motor is the recommended choice.

e PR ——a — - - g s o o et o e e -
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6.1.3 Pullout Stability

Recovery from high altitude flight to a level attitude will be

nade at extireme Mach numbera, of the order of M = 8.0. This phase
of the flight 13 expected to present the most serious stability and
control problems.

Estimates of the static longitudinal stability and static directional
stability have been made for & Mach number range of 1.2 to 6.0 using
the best available theoretical methods, and the results are pre-
sented in Pigures 15 &and )§. The effects of the various components
bave been shown so that an appreciation of their contributions to
the total stability mey be odbtained. The contributions due to the
fuselage are large and remain relatively constent with Mach number.
Since ths 11t curve slopes of the horizontal and vertical
tails decresss approximately as 1/ - 1, their contributicns

to the longitudinal and directional stability decrease repidly

vith Mach number. This resulis in the prediction of longitudinal
and directional instability for the present configuration at a

Mach number between 3.0 and 4.0.

Figure 17 shows the effaoi of increesed horizontal tail size on the
peutral point. It may be seen that the tail ares must be in-

creased consideradbly and, in fact, must approach the wing arex in
size if stabllization to the maximm flight Mach mmber is to be
accomplished. Improvement in stability could also be obtained by
moving the center of gravity forwvard from its present location at

the lesding edge of the wing ! san asrodynam!ic chord. However,

the gains from this source are limited by arrangement difficulties,
space limitations, and by the danger of serious impairment of control(f
during the landing phase.

There are several ways in which vertioal tail area may be added to
inmprove directional stability, as shown in Figure 18. However,

the conventionsl method of increasing vertical tail area dy placing
additional fin area above the fuselage may introduce lateral-
directionsl dynamic stability problems, due to the unfavorable in-
clinsation of the principal axis of inertia and the large aerodynsamic
rolling mowent dus to sideslip (dihedral effect). A preferred
arrangement from the flying gualities viewpoint would consist of
symmetrical upper and lower fins. The only vay by which & full
size lower fin could be employed, however, is to provide for
folding until the parent sircraft is airborne and jettisoning
prior to landing. A smaller ventrel fin (as illustrated) could

be employed by providing adjustable wing incidence so that the
fuselage would be level during landing.

It is beyond the scdpe of the present proposal to investigate these
problems to the extent necessary to determine an optimum solution
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6.2

6.1.4

6.1.5

-

. of the supersonic stabilization problem. DIynamic stability should

be investigated carefully and the theory used in the present

. apalysis should be verified by wind-tunnsl tests before complete

reliance i1s placed on the answers. Before a final configuretion
is established, the possibility of utilizing an automatic control
system to overcome instability should be considered; if the tail

.areas are increased to the extent indicated for complste asro-

dynamic stability, seversweight penalties would be incurred.

Pullout Control

A Qetailed apalysis hag not been mads of the control problems

during the recovery phase, dut because of the high Mach number and
dynanic pressure, it is certain that power controls will be required
for both lateral and longitudinal control. The lateral control
would not bde required to furnish extreme rates of roll since fighter-
type mansuversbility will not be a requiremsnt. Therefore, design
requiremsnts &8 regards servo sise and rete of motion will be
moderate. Tor added safety, landing would be possible using manual
control of both elevator and aileromns.

S8ince the longitudinal control must be capable of developing meximum
airplane lift during both the recovery phase and after launching,
the stadbiliger must be the principle means of longitudinal control.
However, fighter maneuverability requiremsnts are not neceassary,

and & conventiomal slow-moving, adjustable stabilizer in combination
vith & direct control elevator system appears adsquate. A fully-
powered all-moving tail would provide more rapid control, and,

in event wind-tunnel tests should shov pltch-up tendencies near

the stall, may be worthy of further consideration.

landing

Stability and control charecteristics during the landing phmse are
not expected to De critical. Based on past experience with com-
pareble ressarch type aircraft, a conventional control arrangement
{3 believed to provide adequate controllability end maximum safety.
In the subsonic speed range, control forces will be low enough to
permit manual operation of controls and no reliance on power systems
need be mada.

Flight Outside the Atmosphere

During that portion of the flight which is outside the atmosphere,
there are no external moments acting upén the airplane and thus
there is no problem of instability. Control will be necessary,
however, to correct for any residusl moments induced during the
powered ascent, to permit & clean attitude of re-entry intc the
setmoephere, and to allov the pilot freedom of orientation during
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the space trajectory. The amount of control needed for these
maneuvers is indefinite, but apparently it will be small. Several
methods for providing control in space are discussed below.

Control by Flywheels

From & control systems standpoint flywheel control is the most
desirable, but it appears to be too heavy for the present appli-
cation. The method utilizes the principle of conservation of
angular momentum. For a given axis of rotation, let

I, = Moment of inertia of the airplene

IF a Moment of inertia of the flywheel

€

Angular velocity of the airplane

Angular wvelocity of the flywheel

RS

Then since the airplane is coasting in a vacuum vhere no outside
forces can be applied,

Oplp +<pIp = O

I
Thet is @O, = - Tf WOy

Hence, when an angular velocity Op is imparted to the flywheel
the airplane will rotate in the opposite direction with a velocity
proportional to the ratio of th? moments of inertia. Furthermore,
since

4dc =04t

Ip
then 45, - -1 dop
A

Therefore the total change in angle of the airplane is a fixed
"multiple of the angular change of the flywheel. For irstance if
Ip/I, = 1/1000 then 1° pitch change would require a 1000° rotation
of tge flywheel, or a&bout 3 revolutions. 1In this syster three
flywheels rotating about the three axes will be needed {f control
about ell three axes 1s sought.
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Control by Gyroscaopes

A gyroscope on frictionless supportis will tend to maintain its
orientation in space. Therefore, it can serve &2 a support against
vhich to push in order to turn the airplane. However, flywheel
strength consideratione prevent it from absorbing or transmitting
any more momentum than the flywvheels of the previous method.
Furthermore, precesaion would seriously complicate the control
system and the gimbal mount would be heavy.

Control by Jets

A system of jets would consist of six jets to produce comtrol
about 2ll three saxes. Using a congervative value for specific im-
pulse of 100, the system proves to be far lighter than the fly-
vheel method, unless it is to be used over long periods of time.
The method to be discussed is mechanically rather simple; its
greatest Arawback is tbhat it controls angular acceleration instead
of angular velocity. Tharefore, because position i1s given by the
double integration of acceleration as against the single inte-
gration of velocity, accurate position contrecl using jets is more
difficult.

A system combining simplicity and control sensitivity is as shown
in Figure 19,

The system illustrated will handle a flow rete of about 1 pound
per second of HnOp, providing s maximum thrust of about 100 1bs.
A 25 pound supply has been assumed arbitrarily. The HpOp supply
is kept in & pressurized tank at about 500 psi, and a feed
regulator valve allows it to flow into the cat®lyst chamber
whenever the back pressure falls below 400 psi. Hence & supply
of steam at 400 psi will always be available, which is piped

to the six nozzlas. Whenever control ig needed the appropriate
needle valve is opersted. If the needle is 80 shaped that the
throat area is proportional to the control stick movement,
proportional control is provided and any amount of thrust from
zero to 100 lbs. will be available.

The system sketched in the figure has approximately the correct
proportions, assuming HpOp at 400 psi is used. It is qui 2 small
and compact except for the larze 1 inch line from the reaction
chamber to the nozzles. These lines will contain hot steam, and
if the heat loss 18 apprecisble, excess H,0 will bte required to
rake up for the condensate. DBecause the gas generated 1s steeam
and oxyzen, little pressure would exlst if the lines become

cold, for all the sieam would condense to water.
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With ethylene oxide, this prodblem would not be nearly so severe.
Its decomposition reaction is

CoHYO —>CO + CHy, + 1056 BTU/1b

Every mole of C%iho (44 grams) generates L4480 cubic ceniimeters

of gas at cne atm. pressure. These products remain as gases even
at low temperatures because they both have very lov dbolling points.
The boiling points at atmospheric pressurc for the decomposition
products are

1,0 B.P 100° c.
0, -183° ¢.
co : -190° €.
CH), -161.5° C.

Thig feature, plus the faect that CaHhO inherently posscsses a
higher theoretical specific impulse, mmakes it the preferred cholce
provided & suitable light gas generator can be produced. The
reascn that an 3202 gysten is shown in the diagram is that is is
a more tried and proven system, end provides conservative weight
estimates.

Figure 20 throws lirht on the comparative welights of the flywheel
and jet methods of attitude control. The flywheel was assumed to
be a steel torus, rotating at & peripher~1 speed of 1000 ft/sec.
The abscissa represents the angular rotation that must be imparted
to the airplane. For cxample i1f a chanze in rate of rotation of
0.1 rad. per sec. is sought a 13" diameter flywhaeel will be re-
quired. In order to produce the change it must change its
rotational specd by 12,000 RPM. The wheel alone will weigh about
123 1ts. To do the same Jjob with Jjets acting at 12 ft. Jrom the
center of grevity, only 1.7 1bs. of propellants will be needed.
The Jet system, of course, consunes mass ~overy time il produces
thrust. But if the controls are used with moderation, the jet
system appears to be much the lighter.

£ rinal asdvantage cof the jet system is that it can be intearated
with the auxiliary power unit, for both req.ire the sam: mono-
prop:illant at rouxhly the same preasure. This feature will permit
vae of a common reaction chamber, ~tc., that should save welght
end simpliy the design problems.
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6.3 Attitude Sensing at Re-entry

In re-ertering the atmosphere the aircraft should have the proper
angle of attack and be essentially unyawed to avoid excessive
abnormal loads. This will require a pitch and yav indicator to
provide the pilot with the maAximuwm time to point his craft into

the relative wind; for even though the pullout may be automatically
programmed it is assumed that the pilot is responsible for making

& clean entry into the atmosphere.

Hence we have the problem of designing & pitch and yaw indicator
capable of sensing exceedingly low forces or pressures, but
capable of withstanding the maximum dynamic pressures encountered
during the complete pullout. The instrument need not be prscise,
for it is only to serve as a guide for pointing the nose into the
wind at heights where a pilot may otherwise lose all sense of
orientation. Thus the demands differ considexrably from those for
a pitch or yav indicator aa commenly used in flight testing.
Several possible methods are suggested.

(a) A weathervane - either direct or remote reading.

(b) A pitch or yaw indicator which measures the relative
Mach number or pressure ratioc on opposite sides of a
symmetricel sphere, cone or other convenient shape.

(c) A vane inside a conventional instrument case that
indicates the direction of the resultant momentum from
two jets of air brougitin from a pair of syrmetrical
external tubec.

(d) A gemuge similar to the Reichardt gauge, to be described.

The first two dc not seex very satisfactory. Any external weather-
vane will undergo very high loads, necessitating such rugged
construction that it will be too insensitive at high altitudes
where it is needed. Direct reading is not too desirable because
the pilot would have to watch two areas at once - his cockpit
instrument panel and the extiernal vane.

A sphere, cone, or any other symmetrical shape will produce
different pressures on the opposite sides unless it is pointing
directly into the wind. This feature can be used aes the basis

for a pitch or yaw indicating system. Pressure differentials
cannot be used, tecause 1° yaw at 1000 knote indicated mirspeed
represents a much greater differential than 1° yaw at 1 knot; thus
the system must utilize & pressure ratio. However It is doudbtful
that this method would be sensitive enough for the purpose at hand
and ruggsd 2nough to vithstand the maximum pressures.
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7.0 HEATING PROBLEM

7.1 Basic Heat Transfer Methods

It is ixpractical in the present study to make a complete survey

of the temperatures expected on the airplane. For the type of
flight which is planned, the calsulations are quite complicated

and tedious to obtain ressonadle estimates of the skin temperatures;
in addition, the application of the basic theories is very qQuestion-
&b 2 for the range of variables involved. These difficulties vwill
be discussed in detail below.

Therefore, detailed temperature cslculations bhave deen restricted
to the evaluation of the transient skin temperature at two

typical stations on the airplane. From these reaults the tempera-
tures at other looations can be estimated roughly, and an oversll
plcture of the heating problem obtained for general design purposes.
The specific conditions chosen were as follows:

(a) A point one foot dovnstream of the leading edge of &
flat plate, with a turbulent boundary layer.

(v) At a two-dimensional stagnation point.

In both cases it has been assumed that the skin is 0.060 ingh
stainless steel, psrfectly insulated on the inside, with no
conduction in the plane of the surface.

The tamperstures were oaloulated by the standard step-by-step
method which is common to problems involving highly transient
conditions. Equating the net heat flux into a unit area of the
surfsce to the hest absorbed by the surface, one gets

VsCsYs %‘g‘! = b (Tay - Tg) + Q4 "é“'(']rf&)u

The lsfthand term represents the rate of heat absorption by the
surface. The Tirst term on the right is the rate of heat trauns-
fer by convestion from the boundary layer, the second term rep-
resents solar heating, and the last term is the heat lost by
rediation from the surface.

If the differential equation is replaced by a finite
difference equation, the change in surface temperature in an
incremental time, AS, is given by:

h
AT, = w.‘;‘;y. [h (Tqw = Ts) + @ G4 -eo"(;r_-gﬁ)]

o T TR
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7.2

For the caloulations, stainless steel has been assumed as the

skin material, and it is not believed that the use of other
comparable metals will change the results significsntly.

Physical and thermal properties have been obtained from standard
handbooks. The emissivity (€) and solar sbsorptivity (a) of the
surface have been chosen arditrarily as 0.50 and 0.15, respectively.

The heat flux from the sun (Gg) is essentislly constant adove
50,000 ft.; the value given in Reference 12 has been used.

Skin Tenmperatures

The heat transfer coefficient and sdiabatic wall temperature at the
one foot station have been caloulated on the basis of turbulent
boundary layer flov with Mesh number and wall temperature corrections
as given by the theory of Van Driest. The choice of a turbulent
boundary layer apd the effect of Mach number on heat transfer
represent the most critical factors in the determimation of the .
transient skin temperaturs. Unfortunately, it is extremely
difficult at present tO make reliable predictions of transition
from laminar to turbulent flow, o of the affects of compressibility
on the boundary layer, even &t lov supersonic speeds. Extension

of these doubtful theories to the very high Mach numbers reslized
in the present flight path represents pure hypothesis, and verifi-
cation or modification of the results must avait future tests.

The general status of current boundary layer theory is discussed
briefly in a later parsgraph. The heat transfer coefficient at

the atagnation point was calculated by standard formulas (Reference
13). The inerease in total temperature in passing through t.uo
normal shockwave &t the nose was included.

Temperstures versus time, caloulated vith these assumptions, are
shown in Figures 2 and 23 for the 0.060 inch stainless stoel
skin for several different ballistiec flight paths.

These results can be used to provide rough estimmtes of the
temperatures at other stations on the airplane, except at times of
rapidly changing temperaturs. TFor conditions vhich are fairly well
stabilized, the cifference between the surface temperaturs and the
stagnation-point temperature will vary approximately as the ones-
fifth power of the distance from the stagnation point, other vari-
ables being constant (Figure 2k).

It should be repeated that these results are calculated with the
assunptions of no heat transfer to the interior and no heat con-
duction in the plane of the surface. Aside from the basic un-
certainties regarding the heat trsnsfer coefficient, etc., the
above agssumptions tend toc make the results conservative. Thus
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7.3

heat transferred to large interior heat sinks such as bulkheads

or cooled compartments will lowver the local skin temperatures,
often by very appreciable amounts. Conduction in the plane of the
skin wvill have & tendency to equalize the temperature over the
surface, vhich can be especially important in reducing tempera-
tures in the vicinity of the leading edge or in regions of largs
surface temperature gradients. These refinements could be included
in a more detailed tempersture analysis, but, because of the added
complexity, would probably be attempted only in regions which
ereated critical problems in design, such as the leading edge in
the present ocase.

It is appareat from the magnitude >f the temperatures shown in
Fgure 22 that some means of lowering the peak temperature by,
say, S00° P or more over the major part of the surface is a
necessity in order to obtain a prectical strustural weight for
the airplanse. To establish the effect of applying insulation to
tlie cutside of the skin, transient skin temperatures were oalou-
lated using several thicknesses of 8 "good insulating material”
(1.e., one which has a low thermal diffusivity). The assumed
properties of the insulatiog were: k = 0.05 BIU/hr £1°F, o =
0.20 BTU/1YOF, w = 20 1b/ft7 This oalculation is extremely tedious,
even with the gross assunption of a linear temperature gredient

through the insulation, since it is necessary to choose time

intervals of the order of one-quarter of a second to prevent
divergencs of the finite 4Jfference solution. The results of
several such calculations are shown in Figure 25, where it will
be observed that the use of & small thicknass of insulating
mterial does indeed reduce the peak tempersture by a very
satisfactory incremsnt. The practical problems connected with the
development and application of such a material may be formidable,
but it is apparent that the reward is appreciable.

Other possidilities for reducing the surfane temperature do exist,
and remain to de investigated in detail. The injection of & cool
gas, such as bottled oxygen, into the boundary layer has been
investigated by others as a possible means of reducing convective
heat transfer, with mixed results. Recent theoretical investi-
gations (Reference 14 ) have indicated that the injection into the
boundary layer of a gas with substantially different thermal .
properties can have & large effect on the heat transfer, over and
above the purely physical effect of a cool injection. The mechani-
cal problems connected with any type of boundary layer injection
are not minor, however, and a thorough study is necessary to
establish the net worth of the various techniques.

Interior Temperatures

Interior insulation need be considered only for those compartments
in vhich the temperature must be maintained at particularly low
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values. The resistance to heat flow arfforded by the stagnant
air (or by the vacuum) inside the airplane will be sufficient
in most cases to cause an appreciable time lag and thsredby re-
duce the peak interior tesperatures dy large amounts. However,
particular attention must be given to the thermal enviromment
of the pilot, the instrumentation, and the fuel. Ths latter can
be dismissed forthwith as & major problem, since all usable fuel
bas been expended by the time any critical temperatures are
realized. A minor problem is presented by the residus of fuel
vhich inevitably remains after burnmout. If the fuel tanks cannot
be completely evmounted in some manner, then the remaining fuel
must be prevented from reaehing its flash point temperature, or
it must be established that insufficient oxygen will be present
to support spontaneous combustion.

Special attention must be given to instrumentation temperatures

for two resésons. Most stendard instruments are reliadble through

a restricted anmbient temperature range only, and nearly all
electrical connections both inside and outside of the instruments
are made by soldering. Etandard soft solder has a melting point

of about 360° F, so that it mmy be nscessary to specify the use

of silver solder (melting point 1300° 7) in all equipment. However,
sinoe it is doubtful 4if the mejority of standaxd instruments are
reliable above 360° P, it will probably be required to either

build specisl instrumeptation, or insulate the equipment sufficiemtly
t0 keep the maximum anbient temperature quite low. Of course, the
usual mathods of cooling electronic compartmsnts by dueting ram
air are useless in the present applicatior, vhere the rem air
temperatures are of the order of several thousand degrees.

7.4 General Considerstions

The net heat flow into any surface is ccmposed of the heat trans~
ferred by convection from the boundary layer, the irradistion to
the surface from the sun, and the radiant heat lost by the surfece.
The relative importance of these heating effects changes &rasti-
cally, depending on the flight regime. Thus, for flight at nominal
speeds and altitudes (say, below 100,000 ft. and M = 2) the heat
loss dus to surface radiation effectively ocancels the gain due to
solar heating, and, since both are smll relative to the convective
heating, these contributioms can be neglected with safety. At
extremaly high altitudes, the absence of sir elininates the con-
vective heating, and the problem becomes one of readiation only.

At very high speeds vithin the atmosphere, the heating due to
eonvection is domimant initially, but as the surface heats up,
surface radiation rapidly becomes of the same order of magnitude.
In the present flight plan, all three flight regimes are en-
gountered, and it i{s simplest to consider all three eontributions

= - P —
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throughout the calculations.

The only feature of radiant heat transfer cver which the designsr
has any control is the emissivity and absorptivity of ths surface.
In the present oase, it is desirsdle to reduce the solar absorp-
tivity of the surface as much as possible, in order to luwer the
equilibrium temperature which is approached during the long period
of flight outside the atmosphere. It is also required that the
enissivity of the surface be &as high as possidble, both to lover the
vacuum equilidbrium temperature and to inoresse the lag in tempera-
ture rise during tba finmal re-entry. In general, these demands
appear to be contradictory, since emissivity and absorptivity are
equal for the same rediation-scurce tempersture. However, solar
irrediation cames fyom & source at an effective temperature of
about 10,000° ¥, vhareas the surface radiation has a source tempera-
ture of about 2000° P or less. Some degree of independence is
possidble, then; a study of published values for emissivity indicates
that & material sush as vhite paint, say, has emissivities of around
0.9 in the lower temperature range and about 0.15 for effective
solar temperatures. It remsins to estadlish similar values for a
material ocapable of withstanding temperstures of the order of 2000° ¥,
but at the present time this would appear to be & relatively minor

developmental problem.
Boundary layer Theory

It is unfortunate that the largest contributing factor to the high

temperatures of re-entry, the convective hsating from the boundary

layer, is the one about vwhich there is the least knowlsdge. To

determine reliably the heat transfer from the boundary layer, it

is necessary to know first the type of boundary layer flow, vwhether
, turbulest, or transitional, and then to knov the character-

istics of that type of flow.

Transition from laminar to turbulent flovw is known to depend on
the Reynolds nusdber, Mach mumber, surface temperature, pressurs
gradient, and surfsce condition, but the quantitative effects of
each of these parameters has not yet been established even for
modsrate flow conditions. The basic mechanism of transition is
not fully understood, and it has proved to be difficult to isoclate
the effects experimsntally. In genersl, theory and experiment
{ndioate that transition ocours at a local Reynolds mmber of 2.8 x
10° on an unheated flst plate at lov speed, and that it moves down-
stream with decreasing free stream Reynolds number, increasing
Mach numbar, decreasing surface temperature, & favorable pressure
gradient (i.e., decreasing pressures in the direction of flow),
and decreasing surface roughness. Obviously, it is practically
impossible to make & reliable prediction of transition at the
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present time for the Mach numbers expected on re-entry into the
stmosphere.

Heat transfer from & laminar boundary layer has been well established
thecreticelly in recent 8. Croceo (Reference 7 ), and later

Van Driest (Referonce 8 ), have solved exaotly the boundary layer
equations for compressidbls flow over & flat plate with heat trans-
fer, and their results bave checked well with experimsnt. The
coxpletely general prodlem of compressible laminar flow over an
arbityary body with heat transfer has been solved in an approximate
sanner (Reference 15), which makes it possible to pre”ict the
simultanecus sffects of specific pressure gradients a.d surimce

tamperature gradisnts.

The corresponding turbulent heat transfer probvlem is in & com-
siderable state of confusion. Since the basic mechanism of turbu-
lence has not been established, all theories are semi-empirical in
nature. The low speed flat plate case has been developed to tha
point vhare good agreement with experiment ocan be expested. Ex-
tension t¢ compressible flov is not straightforwverd, and & mmber
of videly divergent methods have been suggested, many of which
sgres refscnably well with the limited amount of experimental
data available at moderate supersonic speeds. It has beem shown,
however, that extrapolation of these theories to Mach mumbers of
the order of those of the present flight paths ocan lead to '
differences detween various theories of several hundred percent
(Referense 9 ). The possibls effects of pressure gredient and
‘surface temperature gradient are completely unpredictable under
these conditions. For the present calculations, the theory of
Ven Driest for a flat plate (Reference 10 ) has been extrapolated
for use in the present Mach number range, not because of any basic
superiority of this theory over the others, dut because it agrees
with the dats at lower Mash numbers and the theorstical results
are readily available. The use of another theory, say that of

14 and Nagamtsu (Reference 16), would yield heat trensfer
coeffioients at least twice as large at a Mach number of 8.
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8.1 Power Plant

8.2
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8.0 PROPULSION

The requirements for the power plant are well defined within
rather marrov limits by the minimum acceptable airplane performance
on the one hand, and the limitations imposed by the severe pullout
restrictions on the other. Therefore, it was determined early in
the atudy that a desiradble rocket propulsion unit should produce
about 50,000 pounds of thrust with fuel consumption of adbout 200
pounds per gecond, and be as light in weight as possible. In
addition, since nev rocket power plants require long developmsntal
periods, any rocket engine wvhich is considered should be available
within a year or two so that the project can remain on a practical
basis.

These requirements simplify the propulsion problem, since all of
the present production rocket power plants are too smsll, and most
of those rated to produce sufficient thrust are in the form of
long-term research projects.

Fortumtely, one unit under development almost exmctly meets the
specifications: the Reaction Motors Model XLR30-RM-2 unit, pro-
ducing 50,000 pounds of thrust at sea level (Reference 17 ). The
unit is light, uses liquid oxygen and ammonia, and develops a

sea level specific impulse of 245 seconds at full thrust. Purther-
more, the design is such that it can easily be modified to burn the
more ypowerful hydrazine if future developments Jjustify the change.
As a result, all design studies immedimtely centered around this
unit as the power plant. Its tentative specifications are given
in Teble III.

The nozzle geometry has been examined in order to correct the thrust
for the effect of altitude. The correction is appreciable, as
shown in Pigure 26; the thrust increases to about 59,000 lbs. at
high altitudes.

As discussed previously, the re-entry problem is critical for this
aircraft. The above power plant is easily capable of propelling
the airplane to altitudes above those for safe recovery. There-
fore there is little need to search further for an improved power
plant for the present project, since profitable use of better
power plants can not be made until the performance is raised to
the satellite level.

Propellants i

A number of reports by Rand, the HACA, and the Caltech Jet Pro-
pulsion Laboratory were consulted in order to gain a general '
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picture of the propellant fleld. Aaide from handling and storage
problems, two of the most important properties of a propellimnt

are high energy, i.e. high values of the specific impulse, and
high density. High density is of direct value bdecause it allows
reductias  in tank sizes, pump sizes and weights. Figure 27 is

e useful plot of these two properties at sea level for & variety

of propellants. On the basis of density, hydrogen is seen to be

a very poor fuel. Hydrazine (KzHL) is one of the better fuels be-
cause of its high density. Of the oxidizers only two have a
sufficient background of development to be considered for the
present project: 1liquid oxygen and nitric acid - either red

fuming (RPNA) or vwhite fuming (WFNA). Several of the more aveil-
able fusls are: liquid methans (CEH,), gasoline, ammonia, and
alcohol (CH,0H or CoH ox) Somthing better is sought than the
common comb?nltion of a.lcohol and oxygen. This fuct alone eliminates
nitric acid as an oxidizer, regardless of its toxic and corrosive
properties. Three promising propellant combinations remsin: oxygen
and hydrazine, oxygen and gasoline, and oxygen and amonia. Oxygen
is readily available and vell known, as ars ammonisa anl gasoline.
Hydrazine or some of its . close relatives is an excellent all
around fuel, but at present it iz expensive.

8.3 Auxiliary Power Supply

It is expected that & maximum of about 8 horsepower of electrical
energy will be required to operate instruments, controls, redic,
etc., with an average of &bout 3 horsepover. Investigation has
shown that the lightest available power supply for the reciired
Auration will be an suxiliary generator set operating upon either
hydrogen peroxide or ethylene oxide. Tvwo companies are known to
be developing and producing such suxiliary power units of about
the proper size: <the Walter Kidde Company and the American
Machine and Foundry Company. According to both companies, &

10 horsepower hydrogen peroxide unit oan be produced to provide
30 horsepower-minutes of 400-cycle current at a weight of &bout
56 pounds, including propellants. This weight is only a friction
of that for the equivalent energy in batteries.

o o . — it e - o - o o+ -
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TABLE III
ESTIMATED PERFCRMANCE

Reaction Motors XIR 30-RM-2 Rocket Motor

Thrust (static sea level) (1v) 50,000
Specific Impulse (sec) 245
Fuel Consumption (1b/sec) 200
Welght (1) 395
Oxidizer Oxygen
Fuel * Ammonia
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9.0 STRUCTURE

The structural arrengement of the airplane is conventional and
presents no umusual problems in design. However, the extremely
high temperatures and heat loads to vhich the airplane will be
subjected during re-entry into the stmosphere require that cave-
ful attention be given to the optimm choice of structurel
mterials, and to methods of insulating or cooling the surfaces.
The boundary layer attains & maximm temperature of over 5

Since this temperature is above the melting point of any structural
material, various methods of preventing the structure from readhing
this tempersture were investigated.

Due to the comparatively low rate of convective heat transfer
which occurs in the rear 80 percent of the wing and over precti-
cally the vhole surface of the body, it is belisved that a feasible
method of construction for these components will be achieved by
insulating the structure from the air stream. In using this method
of construction the provlem hecomes one of choosing the proper
amount of insulation to sachieve the minimum combined weight of
structure and tnsulation.

Since all structural meterials suffer a loss of strength with
increasing temperatures, as showvn in Figure 28, the weight of

the structural material will increase as the temperature of the
temperature is shown in FMigure 29. Since the thickness of in-
sulation required to prevent the rise of structure temperature
increases with the 4ifferance between the desired structure tempera-
ture and the equilibrium temperature of the surfuce in this region
(about 1800° F), the lower the structure temperature is held, the
greater will be the weight of insulation. This relationship is
also shown in Figure 29 . The studies conducted indicate that the
use of & titanium alloy of the nature of C-11(M operating at a
temperature of about 700° F would give the optimum combined
structure plus insulation weight and the Adashed line on Figure29
is constructed on this basis. The use of an insulation having &
different density-conductance relationship might alter this con-
clusion considerably. Since the spar webs and other internal
structure would experience considerably less temperaturs rise,
eluminum alloys will be ussd for these mermbers. This will lower
the thermal stresses, as the aluminum alloys have much greater
coefficients of thermal expansion than the titanium alloys.

It should be emphasized that this type of construction depends
upon the development of an insulating material suitable for
exterior application to the surfaces. The material must possess
good insulating properties, remain adhesive throughout the tempera-
ture range, and bave about the same expansion characteristics
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